Abstract: A microwave photonic approach is proposed to achieve a high resolution enhanced by a factor of 2 for the range and velocity measurement. In the transmitter, a V-shaped linear-frequency-modulated (LFM) microwave signal is generated through the frequency doubling enabled by photonics, with large time-bandwidth product for improving the range resolution, whereas in the receiver, the round-trip duration and Doppler frequency shift (DFS) between the transmitted LFM signal and the received echo signal are mapped into two doubled frequency spacings between two pairs of target sidebands by incorporating two cascaded electrooptic modulators. Thus, the distance and velocity of the moving target can be measured from the beat note of the target sidebands, showing a high resolution improved by a factor of 2. Experiments have been implemented and demonstrated in X-band with a bandwidth of 2 GHz. The distance measurement indicates an absolute error less than 3 mm. In addition, the performance of the proposed system in terms of low power level is discussed.
Introduction
Radar plays an important role in the measurement of range, velocity, and atmosphere parameters, as well as vibration [1] - [4] . Frequency-modulated microwave signals, also known as linearly chirped microwave waveforms, have been widely used in radar system [5] - [8] . A linearly chirped microwave waveform has a knife-edge-type ambiguity function [9] , leading to large range-Doppler coupling and thus reduced range-Doppler resolution. A dual-chirped microwave waveform contains both up-chirped and down-chirped segments, on the other hand, has a much smaller range-Doppler coupling, which is widely used in radar systems to enhance the range-Doppler resolution [10] - [13] . Since the up-chirped and down-chirped segments have unequal frequency difference for moving targets, dual-chirped LFM radars are able to measure the range and velocity simultaneously [8] . For the next generation of radars (e.g., such as synthetic aperture radars SARs), and remote sensing, target recognition and imaging, the capabilities of generation, processing, and detection of microwave signals with ever-increasing bandwidth and large time duration [14] are highly required to acquire high-resolution and detailed information of interest [15] , [16] . In conventional electrical radars, however, both analog and digital methods are facing the bandwidth bottleneck. Due to the limited bandwidth of pure electronic devices, direct generation of LFM signal by a direct digital synthesizer (DDS) is limited to a few of gigahertz [17] , so it is difficult to achieve a high resolution. Therefore, the performance of wideband electrical radar is limited by the electrical measures. Fortunately, to cope with these problems, photonic-assisted approaches are considered alternative solutions, which are characterized by ultra-wide bandwidth, low transmission loss, compact size, and strong immunity to electromagnetic interference [18] - [21] . Numerous photonic schemes [22] - [25] have been demonstrated for generation of broadband LFM signal with a bandwidth of over 10 GHz. However, to process such a broadband signal without signal distortion is really difficult. Photonic-based lidar has been widely used in the range and velocity measurement [26] - [28] , but the requirement of high speed digital electronics may increase the cost of the system [28] . Recently, a number of photonic-assisted radar systems [29] - [33] in terms of signal generation and processing have been put forward to solve the above issues, improving the range resolution by frequency multiplication. However, the velocity resolution cannot be enhanced when the temporal duration of the signal is fixed, and the range resolution cannot be improved only by frequency multiplication while the bandwidth of the optical devices is limited.
In this paper, we propose a microwave photonic approach based on LFM microwave signal, in order to improve the resolution of the range and velocity measurement by a factor of 2 beyond frequency multiplication. In the transmitter, a V-shaped LFM signal is generated by frequency doubling enabled by photonics. In the receiver end, the round-trip duration and DFS between the transmitted signal and the incoming echo are mapped into two doubled frequency spaces between two pairs of selected optical sidebands, by incorporating two cascaded electro-optic modulators. Thus, the distance and velocity information of the moving target is converted into two low-frequency components in the end, by beating the selected optical sidebands. In the proposed system, the key feature is that not only a high-frequency electrical signal is generated using a low-frequency microwave source in the transmitter, which helps to improve the range resolution, but also a high resolution is improved again by a factor of 2 in the receiver during the range and velocity measurement.
Principle
The schematic diagram of the proposed approach is shown in Fig. 1 . The transmitter of the system consists of a continuous wave laser diode (LD), a polarization controller (PC1), a Mach-Zehnder modulator (MZM), an LFM signal generator (LFM SG), a photo-detector (PD1) and a RF power amplifier (PA). A light wave from the laser is sent to the MZM, which is modulated by a V-shaped LFM microwave signal generated by the LFM SG. The frequency of the V-shaped LFM microwave signal can be expressed as
where f 1 and f 2 are the initial frequencies of the up-chirped and down-chirped segments respectively, and k is the chirp rate. By biasing the MZM at the maximum transmission point (MATP), a serial of even-order sidebands are generated. If the amplitude of the driving signal is also controlled properly, only the optical carrier and the ±2nd-order sidebands dominate, since the higher sidebands have very small amplitudes, as shown in line A of Figs. 1(b) and (c). The obtained optical signal can be written as
where f c is the frequency of the laser, m is the modulation index, J 0 and J 2 are the zero-order and 2nd-order Bessel function of the first kind, respectively. The modulated optical signal is split into two parts: one heading for PD1 to generate a frequency-doubled signal for transmission and the other for the receiver. Next, a frequency-doubled signal is produced, as shown in line B of Figs. 1(b) and (c). The frequency of the generated V-shaped LFM microwave signal can be expressed as
Compared with the input V-shaped LFM microwave signal, both the center frequency and the bandwidth of the generated V-shaped LFM signal are doubled. Then the frequency-doubled signal at PD1 output is amplified by a PA and emitted to the free space through a transmit antenna for target detection.
The receiver consists of a fiber Bragg grating (FBG), an optical amplifier (OA), two polarization controllers (PC2 and PC3), a polarization modulator (PolM), and a low-speed PD (i.e., PD2). The zero-order sideband of the output signal from MZM is rejected by the FBG. Therefore only the ±2nd-order sidebands are fed into the PolM to perform a carrier-suppressed double sideband (CS-DSB) modulation, serving as two optical carriers, as shown in line C of Figs. 1(b) and (c). When an echo signal reflected from a moving target is received, a relative frequency shift due to the Doppler effect and a slip frequency due to the round-trip duration occur between the transmitted and the echo signal. Two frequency differences (f bu and f bd ) at the up-chirped and down-chirped segments can be generated, as shown in Fig. 2(a) . The frequency of the echo signal can be written as
where τ is the round-trip time and f d is the Doppler frequency shift (DFS). Thus, f bu and f bd can be expressed as
According to Eq. (5), we can calculate the range and velocity of the moving target as follows
where c is the velocity of light in vacuum, λ is the central wavelength of the transmitted signal. While the echo signal is applied to the PolM, two target sidebands located close to the optical carrier of the LD at the up-chirped and down-chirped segments are formed respectively, as shown in line D of Figs. 1(b) and (c). The target sidebands can be expressed as
From Fig. 1 and Eq. (7), we can see that the round-trip time and the DFS between the transmitted LFM signal and the received echo signal are mapped into two doubled frequency spaces between two pairs of target sidebands close to the input optical carrier. In a low-speed PD (PD2), the target optical sidebands at the up-chirped and down-chirped segments are converted into two low-frequency electrical signals (f bu and f bd ), as shown in Fig. 2(b) and line E of Figs. 1(b) and (c). Other high-frequency microwave signals generating from frequency beating are eliminated due to the bandwidth limit of the low speed PD. Thus the frequency of the generated electrical signal can be written as
The output of the PD2 is digitized by the followed ADC and Short-time Fourier transformed by the DSP. It should be noted that, the direction of the DFS can be distinguished by the timefrequency analysis of the beating signal from PD2. If f bu < f bd , the direction of the DFS is positive, indicating that the target and the wave source are approaching from each other. On the contrary, the direction of the DFS is negative, indicating that the target and the wave source are moving away from each other. Then, according to Eq. (8), we can calculate the range and velocity of the moving target as follows
From Eq. (6) and Eq. (9), it is clear that the resolutions of range and velocity measurement have been enhanced by a factor of 2. If the target is static (f d = 0), the proposed approach is still applicable. For a given bandwidth (B) of the input electrical, the range resolution of the proposed system can be derived based on the theory in [30] , as
As we can see, the range resolution has been improved not only by frequency doubling, but also by a factor of 2.
Experiments and Results
To confirm the proposed approach, proof-of-concept experiments are implemented using the setup in Fig. 1 . In the transmitter, a light wave at 1549.52 nm with a power of 10 dBm is sent to an MZM. A V-shaped LFM microwave signal centered at 5.5 GHz with a bandwidth of 1 GHz and a time duration of 10 μs in the up-chirped section and in the down-chirped section, is generated by an arbitrary waveform generator (Keysight M9502 A). By applying the LFM microwave signal to the MZM biased at MATP, a number of even-order sidebands are generated, as shown in Fig. 3(b) . Following the MZM, a 50:50 OC is used to split the optical signal. The optical signal from one output port of the OC is sent to a 15-GHz PD. Then, an undistorted frequency-doubled LFM microwave signal is generated at the output of the PD, as shown in Fig. 4 . As can be seen, the doubled frequency ranges from 10 to 12 GHz and the bandwidth is 2 GHz, where the undesired fundamental frequency components are suppressed by 20 dB. It should be noted that, there are no unwanted frequencies mixed in the generated frequency-doubled signal, such as f 1 + f 2 or f 2 − f 1 , as shown in Fig. 4(b) . The generated frequency-doubled signal is amplified and then emitted to the free space through an X-band horn antenna for target detection.
In the receiver, the other output port of the OC is connected to an FBG with 6-GHz bandwidth to reject the zero-order sideband of the optical signal, as shown in Fig. 3(c) . Then the ±2nd-order optical sidebands are amplified and sent to a PolM (Versawave, 40 Gbps) to perform CS-DSB modulation. Taking a single stationary target with a distance of 0.45 m for example, the echo signal is collected by another X-band horn antenna placed close to the transmit antenna. After being amplified by broadband electrical power amplifiers, the echo signal is sent to the PolM to modulate the ±2nd-order optical sidebands, generating two target sidebands close to the input optical carrier of the LD. The two target sidebands are then applied to a low speed PD, and the resulting spectrum is observed as shown in Fig. 5(a) . As can be seen, a low-frequency component at 1.2 MHz appears, showing a distance of 0.45 m according to Eq. (9), which is close to the actual distance. Besides, a suppression ratio of 17 dB is realized between the frequency-doubled electrical signal and the spurious electrical component. In this case, a series of distance measurements are implemented. Fig. 5(b) shows the measured beat frequency for a stationary target at varying known distances at 4 cm intervals. The distance error is analyzed, as shown in Fig. 5(c) .
Besides, we have also implemented the moving target detection by changing the bandwidth and the time duration of the transmitted signal. Though the range and velocity of the moving target have not been obtained simultaneously due to the low speed in the laboratory, it is highlighted that the simultaneous detection of range and velocity with a high resolution can be achieved in the high-mobility environments (e.g., high-speed railways [34] ).
Based on the principle and the experimental results above, the proposed approach exhibits several remarkable advantages. First, this approach has a simple structure and the potential of overcoming the electrical bottleneck on the bandwidth which can be used to improve the range resolution. Second, by using identical central frequency and signal bandwidth, the resolution can be improved by a factor of 2 in the proposed approach, compared with other system using fundamental frequency structure. For example, a 3-mm resolution was obtained in our proposed approach, but a 6-mm resolution will be expected when using the structure reported in [29] .
Discussions
Usually, the power of the echo signal will expose impacts on the range and velocity measurement, so that the related analysis will be presented in this section. To state the influence of the power of the echo signal on the measurement result, experiments have been implemented based on the distance measurement experiment above. As shown in Fig. 6 , the power of the generated lowfrequency signal decreases with the reduction of the power of the echo signal, when the target distance is about 0.45 m away. The maximum detectable range of the system is tested as ∼3.5 m, and this value can be extended by increasing the transmitting power.
Besides, due to the limit of the X-band horn antennas used, only an X-band signal with a bandwidth of 2 GHz is demonstrated in the experiments. It is noted that a large bandwidth beyond 10 GHz and an operating central frequency up to 60 GHz are enabled by the proposed photonic approach.
In addition, as shown in Fig. 5(a) , the frequency components close to the zero frequency is larger due to the modulation frequency of the LFM signal from AWG and some noises from the optical link, which will have an influence on the close range detection. Because the closer the range, the lower the frequency of the obtained electrical signal. Fortunately, we can increase the time-delay of the transmitted signal in the link by increasing the length of the fiber to eliminate the influence.
Conclusion
We have proposed a photonic approach for the range and velocity measurement, and a high resolution improved again by a factor of 2 was achieved. Proof-of-concept experiments have been implemented and demonstrated in X-band with a bandwidth of 2 GHz. A distance measurement ranging from 0.50 m to 0.78 m has been implemented, and the absolute errors are less than 3 mm. Compared with traditional electronic techniques, the proposed system has advantages in terms of wide bandwidth, simpler structure, low transmission loss, and strong immunity to electromagnetic interference.
